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Edited by Francese PosasAbstract We compared the transcriptional activities of the cir-
cular and linear forms of short (4 kbp) and giant (106 kbp) DNA
molecules in the presence of a polyamine, spermine (4+). With an
increase in the spermine concentration, transcriptional activity
was enhanced, followed by an inhibitory eﬀect, and complete
inhibition was observed in the sole case of long, linear templates.
A diﬀerence between the transcriptional properties of circular
and linear conformations is found for giant DNA molecules.
These results are discussed in relation to DNA conformational
transitions.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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It is generally considered that DNA biochemical functions
are controlled at the sequence level by speciﬁc interactions with
proteins or regulatory factors. Thus, a complex network of
key–lock relations is considered to play a central role in the
self-regulation of genetic activity. However, large-scale com-
puter simulations based on the understanding of individual
interactions have indicated that the reliable regulation of bio-
logical functions becomes diﬃcult in the noisy cellular environ-
ment [1]. It is argued that switching the activity of several genes
through key–lock interactions becomes unstable even for a
small number of regulatory factors in the conﬁned cellular
environment, suggesting that some processes beside speciﬁc
key–lock interactions play indispensable roles in the control
and protection of genetic information. Structural modiﬁca-
tions of histones and DNA such as acetylation and methyla-
tion [2,3] have been found to induce signiﬁcant changes in
genetic function in living cells, and it has also been shown that
non-enzymatic processes that result in ordered DNA struc-
tures play a dominant role in DNA protection in starved bac-
teria [4]. However, our understanding of the importance and
signiﬁcance of the change or transition in the DNA higher-or-
der structure induced by non-speciﬁc environmental chemicalAbbreviation: bp, base pairs
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doi:10.1016/j.febslet.2005.07.095factors seems to be at a primitive stage, and the pertinent phys-
ical parameters of this process have not yet been identiﬁed.
The higher-order structure of DNA chains can be controlled
in physiological-mimetic conditions by modifying the solution
environment, which results in DNA collapse from an un-
folded, random-coil state to a folded, compact and ordered
state as reviewed in [5]. This phenomenon has been interpreted
in terms of DNA condensation or compaction, and has been
extensively studied with regard to its signiﬁcance in a variety
of ﬁelds, ranging from polymer physics to molecular biology,
and its potential applications in gene therapy [6]. With respect
to the relationship between the higher-order structure of DNA
and its transcriptional activity, apparently conﬂicting eﬀects
have been reported in past studies. Experiments performed
at the level of an ensemble of molecules as well as at the sin-
gle-chain level have clearly indicated that a promoter located
near the center of a long linear DNA (lambda ZAPII,
40 kbp) is not accessible to RNA polymerase in the compact
state, i.e., compaction is expected to prevent the binding/slid-
ing of RNA polymerase to DNA [7,8]. On the other hand, it
was reported that pBR322, a short circular DNA (4 kbp),
was still transcriptionally active after condensation induced
by spermidine [9].
Compaction by multivalent polycations is achieved through
almost complete neutralization of the negative charge along
the DNA backbone [10,11]. Giant linear DNAs larger than
several kilo-base pairs exhibit an all-or-none transition be-
tween elongated coil and folded compact states [12,13]. On
the other hand, ﬂuorescent microscopic observations recently
revealed that the folding of circular DNA on the order of sev-
eral kilo-base pairs occurs as a continuous transition even at
the individual molecule level, and results in a rather loosely
collapsed state [14,15]. In this study, we performed transcrip-
tion experiments on circular and linear versions of short and
long DNA and found that circularity prevents the complete
inhibition of transcriptional activity with compaction, and that
the diﬀerence between the two conformations increases with
DNA length. We also conﬁrmed the previously reported pro-
motion of transcription at lower spermine concentrations.2. Materials and methods
2.1. DNA substrates
Circular pBR322 plasmid DNA (4361 bp) was purchased from
Wako, Nippon Gene. Linearized pBR322 DNA was obtained from
Toyobo after treatment by the restriction enzyme Pvu II. Circular
BAC DNA (106 kbp) was prepared according to the protocolblished by Elsevier B.V. All rights reserved.
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5120 F. Luckel et al. / FEBS Letters 579 (2005) 5119–5122described in [16], and its linear form was prepared by treatment with
the restriction enzyme SalI followed by phenol-extraction and etha-
nol-precipitation. The restriction sites were chosen far from transcrip-
tion promoters to avoid aﬀecting transcriptional properties.
2.2. Transcription and detection of RNA products
ATP, CTP and GTP were purchased from Roche Diagnostics, and
stock solutions of 1 M Tris–HCl buﬀer, 1 M MgCl2, 5 M NaCl, and
spermine tetrachloride were obtained from Nakalai Tesque, Kyoto.
UTP gamma-AmNS (absorption/emission maxima 330/463 nm;
Molecular Probes), in which the ﬂuorescent aminonaphthalenesulfo-
nate (AmNS) is attached to the terminal phosphate of UTP, was used
to monitor transcriptional activity. The DNA template concentrations
during transcription were 0.96 lg/100 ll (circular) and 0.90 lg/100 ll
(linear) for pBR322 DNA, and 0.75 lg/100 ll (circular) and 0.65 lg/
100 ll (linear) for BAC7/8-a2 DNA. Transcription was performed in
100-ll reaction solutions under nuclease-free conditions, containing
10 mM Tris–HCl buﬀer (pH 7.6), 100 mM KCl, 5 mM MgCl2,
0.1 mM ATP, CTP and GTP, 0.01 mM UTP gamma-AmNS, 2 mM
dithiothreitol, and various concentrations (0–1400 lM) of spermine.
After 10 min of pre-incubation to reach equilibrium, two units of
E. coli RNA polymerase holoenzyme (Epicenter) were added and tran-
scription was performed for 2 h at 37 C. For kinetic measurements,
40-ll aliquots were removed at regular intervals from tubes with an
original volume of 250 ll. The reaction was stopped by the addition
of 60 ll of 50 mM EDTA. Transcription products were detected by
measuring the sample ﬂuorescence intensity at 475 nm using a JASCO
FP-750 spectro-ﬂuorometer.
2.3. Fluorescence microscopic observations
One micromolar in base pair units of linear BAC DNA in transcrip-
tion buﬀer was stained with 1 lM ﬂuorescent dye DAPI (Wako Pure
Chemical Industries, Osaka, Japan). The samples were then loaded
onto glass cover slips washed with ethanol, and observed using an in-
verted ﬂuorescence microscope (Olympus IX70) equipped with a 100·
oil-immersed objective lens and a Hamamatsu Photonics EBCCD
camera.0 20 40 60 80 100 120
0
Time (mins)
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Fig. 2. Transcription kinetics of circular and linear pBR322 DNA in
the absence of spermine (C0, L0), with 400 lM spermine correspond-
ing to the enhancement of transcriptional activity prior to compaction
(C1, L1), and 1200 lM spermine corresponding to compacted DNA
(C2, L2).3. Results and discussion
Transcriptional activity was measured in arbitrary units
though the ﬂuorescence intensity resulting from the separation
of the AmNS group from UTP-gamma-AmNS during RNA
polymerization [17]. It has been conﬁrmed that there is no sig-
niﬁcant eﬀect of spermine on RNA conformation under the
experimental conditions adopted in the present study. To as-0 200 400 600 800 1000 1200 1400
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Fig. 1. Typical proﬁles of relative transcriptional activity of pBR322 DNA (
linear (full line) and circular (broken line) conformations of each DNA. Thsess the eﬀect of the addition of spermine on transcription,
we plotted relative transcriptional activity (Fig. 1), deﬁned as
the ratio of RNA products at a given spermine concentration
to the amount of RNA products in the absence of spermine.
The actual amounts of transcription products are shown on
Fig. 2. When the spermine concentration reached a certain va-
lue, a decrease in transcriptional activity associated with the
folding transition of DNA was observed in all cases, and this
inhibitory eﬀect was particularly steep for linear templates.
Complete inhibition of transcriptional activity was achieved
in the sole case of long and linear templates, while some
remaining transcriptional activity was detected for other
DNAs in the explored range of spermine concentrations. Cir-
cular templates in particular showed a soft transition with a
higher level of surviving activity. At low spermine concentra-
tions, around [spermine] = 500 lM, we observed an enhance-
ment of transcription that could be attributed to the decrease
of DNA negative charge before the conformational transitionLinear
Circular
106 kbp DNA
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A) and BAC DNA (B) with respect to spermine concentration for the
e activities at 0 lM spermine are taken as unity.
Fig. 3. Fluorescence microscopic images of linear 106-kbp DNA
adsorbed on a glass surface and corresponding schematic representa-
tions. In the absence of spermine (A, A 0), coiled molecules could be
stretched on the surface, whereas at 1200 lM spermine (B, B 0) only
single compact molecules or multiple molecules aggregates were
observed. Similar results were observed for pBR322 DNA.
F. Luckel et al. / FEBS Letters 579 (2005) 5119–5122 5121[11], which thereby reduced the energy required for binding be-
tween negatively charged RNA polymerase and DNA [18].
This enhancement was stronger in the case of linear chains,
suggesting that the possible modiﬁcation of DNA chain rigid-
ity though spermine weak binding may also facilitate transcrip-
tion. To evaluate the quantity of RNA synthesized and the
time-dependence of the reaction, we performed kinetic mea-
surements at diﬀerent spermine concentrations, as shown in
Fig. 2. Standard transcription proﬁles with ﬁnite amount of
substrate were observed with an initial linear velocity, pro-
gressing towards a plateau. Under the same experimental con-
ditions, circular templates yielded about two times more RNA
products than did linear templates, for all spermine concentra-
tions. This suggests that superhelicity may facilitate interaction
between DNA and binding proteins, as supported by a previ-
ous report that diﬀusion of the endonuclease EcoRV is more
eﬃcient for supercoiled than relaxed DNA [19].
To conﬁrm that the inhibition of transcription was due to
the transition in the higher-order structure of DNA, we
checked the DNA conformation by ﬂuorescence microscopy
(Fig. 3). In the absence of spermine and at a low spermine con-
centration, we observed stretched molecules corresponding to
DNA in a swollen state, while at the high spermine concentra-
tions corresponding to inhibition no stretched molecules were
found. Instead, we observed single compact molecules or
aggregates of compact molecules, indicating a signiﬁcant
change in the DNA conformation. The partial aggregation
of DNA condensates increases with the spermine concentra-
tion and may be responsible for the decrease in transcriptional
activity following the folding transition.
We now present a few arguments in addition to the direct
observations that indicate a correlation between DNA confor-
mation and transcriptional activity. If short DNA of around150 bp is condensed by a polyamine, a fraction will remain
in the supernatant [20]. The eﬃciency of compaction is proba-
bly related to the DNA length, and although the eﬃciency of
condensation in the case of 4 kbp DNA is not known, the
diﬀerence in activity for linear and circular templates suggests
that the remaining activity around the spermine concentration
corresponding to condensation results from the slight activity
of the compacted DNA. The transition proﬁles correspond
to the expected physical properties during compaction. When
a polymers length increases, the coil-globule transition adopts
an on/oﬀ switching nature. The possibility that DNA under-
goes a discrete coil-globule transition is a speciﬁc property that
appears only when the chain can be regarded as a semi-ﬂexible
polymer, i.e., when its length exceeds 10 times its Kuhn
length (300 bp or 100 nm). According to this theoretical con-
sideration, pBR322 DNA is not long enough for an on/oﬀ con-
formational transition, which prevents complete compaction,
and therefore allows some degree of transcription for linear
pBR322 DNA. Since RNA polymerization requires the bind-
ing of polymerase at a speciﬁc sequence and its diﬀusion
along/around DNA [21,22], the transcriptional activity of con-
densates should depend on their shape and local density. Mea-
surements of Brownian motion indicated a small diﬀerence in
density between elongated and compact states for a 12.5 kbp
circular DNA [14], whereas the change in density for linear
giant DNA is on the order of 103–104. Compaction in the case
of circular DNA may consequently be loose enough so that
RNA polymerase can access target DNA sequences. Other
studies using electron microscopy and AFM have indicated
that circular DNA that is compacted by polyamine or neutral
polymer adopts a toroid or rodlike shape [9,23]. However, it is
diﬃcult to conﬁrm whether or not the DNA conformation re-
mains essentially the same during transcription, especially
since RNA molecules can unfold compact DNA [24]. It may
be useful to characterize the role of spermine in the cell cycle
with respect to its ability to alter DNA-protein interactions
[18].
The diﬀerent behaviors that we observed support the notion
that complete or partial inhibition of transcription results from
condensation in cooperation with the diﬀerent transition prop-
erties of circular and linear DNA. Thus, diﬀerent DNA mor-
phologies and lengths lead to diﬀerent transcriptional
activities in compact DNA. The diﬀerences between compact
states imply that a circular structure is important for the reten-
tion of transcriptional activity, and that modiﬁcation of the
superhelicity in long DNA enables the switching of gene activ-
ity though conformational transitions. Since long genetic poly-
mers in vivo may be unexpectedly condensed in response to
slight changes in the chemical composition of the surrounding
environment, the present results also imply that superhelicity
in DNA may protect biophysical activities from accidental
condensation by basic materials. It should be noted that dur-
ing gene expression in eukaryotes, the partial unfolding of
DNA from its tight packing around histones results in the
opening of a transcription loop with two ends, which is topo-
logically equivalent to a closed circular structure. DNA length
also appears to be a critical parameter involved in the control
of transcription. In addition to chemical controls at the nano-
meter scale, conformational changes in the higher-order struc-
ture of DNA at the micrometer scale or above the size of
several tens of kilo-base pairs may contribute to the ﬁne con-
trol or tuning of biochemical activity.
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